Background: The initial graft tension applied at the time of anterior cruciate ligament (ACL) reconstruction alters joint contact and may influence cartilage health. The objective was to compare outcomes between 2 commonly used ''laxity-based'' initial graft tension protocols.
Anterior cruciate ligament (ACL) reconstruction is commonly performed to restore joint function and to decrease the risk of posttraumatic osteoarthritis (OA) in the ACLinjured knee. The initial tension applied to the graft affects knee laxity and joint contact forces and hence may be responsible for OA. 6 Although recommendations for initial graft tension have been reported, 4, 8 the optimal tension to restore native knee stability while minimizing the risk of degenerative joint disease is unknown. There are 2 ''laxity-based'' graft tension approaches that are commonly used in practice. 2 The first is to set the tension such that the anterior-posterior (AP) laxity of the reconstructed knee is equal to the contralateral uninjured knee at the time of fixation. The second is to tension the graft to initially overconstrain the joint so that normal AP laxity is achieved when the graft stretches out during rehabilitation. The advantage of a laxity-based protocol over a force-based approach (eg, 80 N for all patients) is that the tension can be individualized to a patient by matching the laxity of the uninjured leg. 11 Although several prospective clinical studies have been performed to evaluate the effects of initial graft tension, all evaluated force-based protocols, and none focused on the integrity of articular cartilage. 4, 14, 17, 27, 31, 33 The objective of this study was to compare clinical, functional, patient-oriented, and OA imaging outcome measures of 2 common initial graft tension protocols after ACL reconstruction with 36 months' follow-up in a randomized, double-blind controlled trial. The 2 laxity-based tension protocols under investigation were (1) to restore normal AP laxity at the time of surgery relative to the contralateral uninjured knee (ie, the low-tension group) or (2) to constrain AP laxity by 2 mm (ie, the high-tension group). We hypothesized that (1) the high tension group would have less AP laxity, improved functional and patient-oriented outcomes, and less cartilage damage than would the low-tension group after 36 months and (2) the outcomes for the high-tension group would be equivalent to a sex-, age-, race-, and activity level-matched control group.
MATERIALS AND METHODS

Trial Design
The Institutional Review Boards of Rhode Island Hospital, Miriam Hospital, Memorial Hospital, and Brown University approved the study. All patients granted their informed consent. The prospective randomized controlled trial was based on an intent-to-treat analysis of the 2 laxity-based initial graft tension protocols. The statistician performed the randomization, which was disclosed to the surgeon via a sealed envelope intraoperatively. Although this study was designed as a double-blind trial, the operating surgeon was informed of the randomization assignment at the time of graft implantation. No investigators were allowed to review the assignments during the postoperative follow-up period and remained blinded until after all of the 36-month visits were completed.
Before the study was initiated, a power analysis determined that 45 patients per group would be necessary to detect a mean change in joint space width of 5% (1b = .80; a = .05) when assuming half of the patients would exhibit OA changes. 12, 18 Based on this sample size, the study was powered to detect a 16% change in AP laxity, 12% change in International Knee Documentation Committee (IKDC) score, 12% change in peak isokinetic torque, and 10% change in Knee Osteoarthritis Outcome Scores (KOOS).
Participants and Entry Criteria
All patients seen with a unilateral ACL injury in the clinics of 3 surgeons over 3 years (February 2004 to February 2007) were assessed for eligibility (Table 1) . Of the 557 patients screened (Figure 1 ), 337 of them were excluded because of ineligible graft type (allograft; 95 patients), previous knee injuries (78 patients), chronic knee injuries (66 patients), concomitant injuries (48 patients), age restrictions (30 patients), contralateral knee injuries (7 patients), partial ACL tears (3 patients), and other reasons (10 patients). Of the remaining 220 patients, 112 declined to participate, and 108 were enrolled into the study. Of these 108 patients, 15 were disqualified because of intraoperative findings, and 3 opted out of the study just before surgery. Of the 90 patients randomized between the 2 groups (low tension, n = 46; high tension, n = 44), only 5 (5.5%) were lost to follow-up. Of the 85, 86% filled out the questionnaires, and 79% returned for the on-site follow-up examination. It was also our intent to establish an independent control group that matched the characteristics of the population at risk. Sixty control participants were recruited from the local area and selected to match the frequency of patients by sex, age, race (African American, Hispanic, white, other), and activity level.
ACL Reconstruction/Initial Graft Tension Protocols
Each patient's ACL was reconstructed either with a bonepatellar tendon-bone autograft obtained from the central third of the ipsilateral patellar tendon or a 4-stranded autograft created from the semitendinosus and gracilis tendons. Graft type was selected by the patient. All surgeons followed the same operative procedures using the same transtibial drill guide system (Smith & Nephew, Andover, Massachusetts) and anatomic landmarks to select graft insertion sites at the center of the native ACL insertions. Grafts were preconditioned with 20 manual tension cycles before placing them in the joint. For the patellar tendon grafts, the bone blocks were secured using titanium interference screws (7 3 20, 8 3 20, or 9 3 20 mm) (Arthrex, Naples, Florida). The hamstring tendon grafts were fixed with a button on the femur (Endobutton, Smith & Nephew) and a biodegradable interference screw on the tibia (small or large sheath with 8-to 9-mm tapered screw) (Biointrafix, Depuy Mitek, Raynham, Massachusetts) backed up at the surgeon's discretion with a screw and spiked soft tissue washer to capture the graft. For those patients receiving the low-tension assignment, the grafts were tensioned by firmly pulling on the distal graft with the knee at 0°of knee flexion. 11 For those receiving the high-tension assignment, the grafts were firmly tensioned with the knee at 30°of knee flexion. 11 Tibial fixation was partially engaged, and AP laxity at 20°of flexion was checked using the KT-1000S arthrometer (MEDmetric Corp, San Diego, California) and compared with that of the contralateral knee under anesthesia. A sterilizable goniometer was used to verify the knee angle before testing. If the desired laxity value was not achieved to \1 mm of the desired value, the fixation was released and the procedure repeated. Postoperatively, all patients followed a standardized rehabilitation program designed to get them back to sport within 6 months. 5 
Clinical Outcomes
Anterior-posterior laxity values for both knees were measured using the KT-1000 arthrometer (MEDmetric Corp) preoperatively and at all postoperative time points. Posterior-and anterior-directed shear loads were applied in succession to find the neutral position of the knee. Three manual maximum tests were performed and the displacement readings averaged. The difference between legs was reported. One examiner, with more than 6 years of experience, performed all of the KT-1000/KT-1000S arthrometer measurements.
Clinical outcome was assessed using the 2000 IKDC Knee Examination Score (http://www.sportsmed.org). 13 The IKDC scores evaluate 4 categories: function, symptoms, range of knee motion, and clinical examination. Figure 1 . CONSORT flow diagram. 24 A sex-, age-, race-, and activity level-matched control group was also recruited (n = 60), of which 48 remained in the study at 36 months. *Of the 108 patients who were originally recruited into the treatment groups, 18 were excluded (1 canceled surgery, 2 opted out of randomization, 2 positive pivot in uninjured knee, 2 partial ACL tears not reconstructed, 1 allograft, 1 quadriceps tendon repair, 4 meniscal tears greater than one-third involvement, and 5 chondral lesions).
The IKDC score rates knees as normal (A), nearly normal (B), abnormal (C), and severely abnormal (D), with the final IKDC rating based on the score of the worst category. 13 Subsequent surgical procedures on the ipsilateral or contralateral knee during follow-up were determined by patient questioning and medical record review. A trained sports physical therapist administered all clinical and functional examinations. The therapist was blinded from the patient assignment during all examinations.
Functional Outcomes
Patients performed the 1-legged hop test for distance independently 3 times, and the trials were averaged. 22 The mean hop distance of the injured knee was normalized to that of the uninjured contralateral knee. Isokinetic strength testing (Biodex 3, Biodex Medical Systems Inc, Shirley, New York) was performed at 60 deg/s to assess the strength of the extensor muscles of each knee. 20 Peak torques for 5 repetitions were averaged and normalized with respect to body weight and height.
Patient-Oriented Outcomes
The KOOS 23 and the Medical Outcomes Study 36-Item Short Form Survey (version 2; SF-36) 28 were implemented to assess patient-oriented outcomes. The KOOS evaluates 5 domains: knee-related quality of life, sports and recreation function, activities of daily living, symptoms, and pain. 23 The SF-36 evaluates general health related to physical function, role limitations, bodily pain, vitality, social functioning, mental health, and health transition. 28 Activity levels were monitored using the Tegner activity scale. 26 Questionnaires were administered preoperatively and at all follow-up visits.
OA Imaging Outcomes
Medial joint space width measurements were obtained from radiographs preoperatively and postoperatively using the semiflexed metatarsophalangeal view. 7 Radiographs were taken of each knee, and the medial compartment joint space width was measured at the midline of the compartment in the coronal plane using a validated computer algorithm. 19 The overall condition of the joint was assessed preoperatively and postoperatively using a modified Osteoarthritis Research Society International (OARSI) radiographic grading scale. 1 Posterior-anterior and lateral radiographs of both knees were taken before surgery and at the 12-and 36-month follow-up visits. A grade of 0 (normal) to 4 (severe) was assigned to 2 different radiographic features: osteophyte formation and joint space narrowing. In addition, sclerosis, attrition, and ligament calcification were assessed on a dichotomous scale. The maximum possible score was 47. An experienced musculoskeletal radiologist scored all films blinded.
The OA status of the knee was assessed using the semiquantitative Whole Organ Magnetic Resonance Imaging Score (WORMS). 21 The score uses magnetic resonance imaging (MRI) sequences to grade 14 independent features: cartilage signal and morphological characteristics, subarticular bone marrow abnormality, subarticular cysts, subarticular bone attrition, and marginal osteophytes evaluated in 15 regions. The condition of the menisci, cruciate and collateral ligaments, synovitis, loose bodies, and periarticular cysts was also included for a total possible score of 332 points. The WORMS was performed by the experienced musculoskeletal radiologist who was blinded. Magnetic resonance imaging was added to the protocol after half of the patients were recruited into the study and was thus performed on a subset of the patients (n = 28, n = 25, and n = 13 for the low-tension, high-tension, and control groups, respectively).
Statistical Analysis
Repeated-measures analysis of variance (ANOVA) was used to evaluate differences among treatment groups with respect to temporal changes in the outcome variables. The statistical models included fixed factors representing treatment group (low-tension, high-tension, and control) and time. The limb serving as the ''operated knee'' for the control participants was randomly selected to match the proportion of left/right knees in the injured groups. If significant interactions were detected, F tests corresponding to simple effects were examined. Pairwise comparisons were performed using the Fisher least significant difference. Chisquare tests were utilized to compare the frequency of subsequent surgeries between groups and to compare the distributions of IKDC score between groups at each assessment. All values presented represent the least square means and their associated 95% confidence intervals (CIs). P values less than .05 were considered significant.
RESULTS
Patient Characteristics/Intraoperative Findings
At the 36-month visit, 2 low-tension, 3 high-tension, and 12 control patients were lost to follow-up. Patient sex, age, and weight and the time between injury and index surgery, the ratio of patients receiving patellar tendon to hamstring tendon grafts, and the percentage of patients with minor meniscal injuries or minor chondral lesions were similar between the 2 initial graft tension groups ( Table 2) . Preoperatively, the AP laxity values between the 2 tension groups were not significantly different (P = .437) but they were significantly greater than the control group (P \ .001) ( Table 3 ). The Tegner activity scores were also not significantly different between the 2 treatment groups (P = .987), although the score in the control group was 1.1 6 0.8 points lower (P \ .006) ( Table 3) .
Clinical Outcomes
Immediately after graft fixation, the AP laxity differences for the high-tension and low-tension treatments were -2.0 6 0.24 mm and 0.0 6 0.18 mm, respectively (P \ .001) ( Table 3 ). The AP laxity values for both initial graft tension groups increased with time and were not significantly different between groups at 6 (P = .111), 12 (P = .806), or 36 months (P = .205). At 36 months, the pooled mean AP laxity value across the initial graft tension groups was 2 mm and significantly greater than the control group (P \ .007). There was no temporal change in AP laxity in the control group (P = .318).
Preoperatively, the distributions of the IKDC examination scores between the 2 initial graft tension groups ranged from B (nearly normal) to D (severely abnormal), (Table 4 ). There was no significant difference in the distributions of the IKDC scores between the 2 initial graft tension groups (P = .683); however, they were significantly different from the control group (P \ .001). After surgery, the distributions between the 2 initial graft tension groups equally shifted toward normal, although they remained significantly worse than the control group (P = .009 and P = .047 for the high-tension and low-tension cohorts, respectively). There were no significant differences in the number of subsequent knee surgical procedures between groups (P = .160). In the ACL-reconstructed knees, there were 2 revisions and 1 partial meniscectomy in the low-tension group and 2 revisions and 2 partial meniscectomies in the high-tension group. In the contralateral knee, there was 1 primary ACL reconstruction performed in the low-tension group and 2 performed in the high-tension group. In the control group, 1 patient tore an ACL, which was surgically reconstructed, while another underwent partial meniscectomy after recruitment.
Functional Outcomes
Preoperatively, the hop distances were not significantly different between the 2 initial graft tension groups (P = .806), but both were significantly less than the control group (P \ .001) ( Table 3 ). After 36 months of healing, hop distances between the 2 initial graft tension groups were not significantly different from each other (P . .751). However, hop distance of the low-tension group was significantly different from the control (P = .038), while there was a trend in the high-tension group (P = .083). There were no temporal changes in hop distances within control patients (P = .627). The mean peak extension torques in the 2 graft tension cohorts were not significantly different from each other at 12 and 36 months (P . .358) ( Table 3) . At 36 months, the peak torque for both initial graft tension groups remained significantly less than the control at 36 months (P \ .03).
Patient-Oriented Outcomes
For the 2 initial graft tension groups, there was a significant reduction in the mean Tegner activity scores over time (P \ .0001) ( Table 3 ). There were no significant differences between the 2 initial graft tension groups at any time point (P . .242). Furthermore, the scores for the 2 initial graft tension groups were not significantly different from the control group at any postoperative time point (P . .523).
Preoperatively, all KOOS values for the graft tension groups were significantly different from the control group (P \ .001) ( Table 5 ). However, there were no differences between mean KOOS between the high-and low-tension groups (P . .470), and all scores improved with time. All KOOS, except that associated with activities of daily living, were significantly less than the control group after 36 months of graft healing. Preoperatively, 7 of 8 SF-36 scores were significantly less than the control group (P \ .001) (see Appendix Table A , available in the online version of this article at http://ajs.sagepub.com/supplemental/). All of the scores improved with time and were not significantly different from the control by 36 months.
Imaging Outcomes
The mean medial joint space widths of the injured knee were not affected by group (P = .273) or time (P = .946) within 36 months (Appendix Figure A, available online) . All changes were within the resolution of the method for measuring joint space width. 19 The mean modified OARSI radiographic scores at 36-month follow-up were less than 2 (Appendix Figure B ). The mean differences in the OARSI scores of the injured (index) knee minus the contralateral (uninjured) knee between groups were not significant, but there was a strong trend (P = .072). The mean scores in the 2 initial tension groups significantly increased over time (P \ .001) but not in the control group (P = .681).
The mean WORMS for the injured knee were greater than those of the control group both preoperatively and after 36 months (Appendix Figure C) . Although the mean differences (injured -contralateral knee) were not significantly different between the 2 initial graft tension groups (P = .229) preoperatively, they were significantly greater than the control knee (P \ .011). After 36 months, the mean difference in WORMS tended to be greater than the control group (P = .056).
DISCUSSION
The results of this study do not support the hypothesis that the high-tension group would have less AP laxity, improved functional and patient-oriented outcomes, and less cartilage damage than the low-tension group after 36 months of healing. The results also disprove the second hypothesis that the outcomes for the high-tension group would be equivalent to a sex-, age-, race-, and activity level-matched control group because significant differences for many of the outcome measures (AP laxity, IKDC scores, hop for distance, isokinetic extension torque, 4 of 5 KOOS, and preoperative WORMS) were found between the initial graft tension groups and the matched control group at 36 months. It has been shown that the graft tension immediately after fixation is dependent on the knee angle and magnitude of tension applied immediately before fixation. 9 The AP laxity values are significantly less when the graft is tensioned at 30°in comparison with full extension (0°). 11 Thus, a graft tension protocol based on AP laxity at the time of graft fixation was possible and selected for this trial. The 2 laxity-based protocols under investigation bracketed the AP translation values a clinician would reasonably accept at the time of surgery (-2 to 0 mm). The mean differences between legs in AP laxity for the hightension and low-tension treatments at the time of graft fixation were -2.0 6 0.24 mm and 0.0 6 0.18 mm, respectively, demonstrating that we were able to achieve the desired AP translation values for each group. Furthermore, these data suggest that the application of firm tension to the graft with the knee at 30°or 0°of flexion initially produces a joint that was either overconstrained by 2 mm or was equal to that of the contralateral uninjured knee, respectively, although the long-term implications seem moot considering the study results. Thus, the need to directly perform instrumented intraoperative laxity measurements using the KT-1000S arthrometer may not be required in the surgical setting if the knee flexion angle at the time of graft tensioning is controlled.
Cadaveric experiments have been performed to better understand the relationship between graft tension, tibiofemoral compressive force, and AP laxity. 6, 11 An increase in initial graft tension also increases the tibiofemoral compressive force and initially shifts the tibiofemoral contact point posteriorly. 6 In the current study, the 2 laxity-based protocols initially produced significantly different AP laxity values and hence tibiofemoral compressive forces at the time of graft fixation. Although these AP laxity differences were not maintained over time, further study of long-term cartilage health is warranted because the higher tibiofemoral compressive forces immediately after graft fixation could alter cartilage metabolism in the initial healing phase when the cartilage is at highest risk for damage. 3 Values are expressed as mean 6 95% confidence interval. There were no significant differences between the 2 initial graft tension groups at any time point. However, there were significant differences between the 2 initial graft tension groups and the control group at most time points ( # P \ .01, *P \ .05, ns = not significant).
A unique aspect of this study was the evaluation of cartilage integrity between the 2 initial graft tension groups as compared with the matched control group. Although some minor radiographic and MRI changes were observed in the ACL-reconstructed knees, they were relatively small and likely clinically irrelevant within this time frame. No significant differences between the 3 groups were found in joint space width measurements at 36 months (Appendix Figure A) . The mean modified OARSI radiographic scores were less than 2. Despite the small magnitude of these scores, the differences relative to the contralateral leg were significantly increasing with time within the 2 initial graft tension groups as compared with the control group (P \ .0001) (Appendix Figure B ). The preoperative WORMS values were significantly greater in the ACLreconstructed knees relative to the control knees. The higher WORMS values were because of the subscores related to bone marrow edema, meniscus, and ACL integrity, factors that are commonly associated with the initial ACL injury. At 36 months, there was still a strong trend (P = .056) indicating that the WORMS remained elevated in the ACL-reconstructed knees compared with the control knees (Appendix Figure C ). How these imaging outcomes progress in the long term will be the subject of future work.
Several randomized controlled trials of initial graft tension have been reported. 4 Yasuda et al 31 evaluated the effects of 20, 40, and 80 N on double-stranded hamstring grafts connected in a series with polyester tape. The high-tension group had significantly less AP laxity than the low-tension group after 2 years. Kim et al 14 compared 3 initial graft tension levels (78, 117, 147 N) on hamstring tendon autografts and reported no significant differences in outcomes, including AP laxity, 1 to 2.8 years after surgery. Clinical trials have compared initial graft tensions of 20 versus 40 N, 27 25 versus 50 N, 33 and 45 versus 90 N of patellar tendon autografts. 17 No significant differences in AP laxity were seen between tension groups after 2 years of healing in 2 studies, although the initial graft tension difference may be suspect because neither of the tensions produced a difference in AP laxity at the time of surgery. 27, 33 Nicholas et al 17 reported a side-to-side difference in AP laxity of 3.0 6 2.2 mm versus 2.2 6 1.6 mm for the initial graft tension levels of 45 N and 90 N, respectively. Similar to our study, both tension conditions resulted in higher AP laxity values than the contralateral leg after 20 months of healing. However, it should be noted that the side-to-side difference for the low-tension (45 N) condition was 2.4 6 2.4 mm 1 week after surgery, suggesting that the low tension level may not have been enough to restore normal AP laxity even immediately after graft fixation. In an evidence-based review, it was suggested that these force-based tension studies were underpowered (average sample size of 21 patients per group). 4 Our study is the first to evaluate a laxity-based approach for setting initial graft tension with appropriate power. The resultant intraoperative laxity values were measured for both initial graft tension groups and spanned those that would be acceptable at the time of graft fixation. Despite the initial differences in AP laxity, no differences in clinical, functional, patient-oriented, and imaging outcome measures were found between the 2 laxity-based graft tension protocols at the 36-month follow-up.
The randomized controlled study design was selected to minimize bias and the effects of confounding factors. The inclusion/exclusion criteria removed patients who would be at high risk for arthritis because of factors not related to their ACL injury and to remove those with severe meniscal or chondral lesions that would increase their risk of OA. 10, 18 All patients with meniscal tears involving more than one third of the meniscus and/or grade II chondral lesions (as determined preoperatively by MRI or arthroscopic examination) were excluded. Patients with minor meniscal and chondral damage were only included in an effort to expand our recruitment base because the incidence of concomitant minor meniscal/chondral damage is high. 32 Patients were included if they were candidates for reconstruction with bone-patellar tendon-bone or 4stranded hamstring tendon autografts. Both autografts were included to extend the recruitment base and to generalize our results. The assumption that both graft types would respond similarly was justified because biomechanical studies have shown that the graft structural properties, in situ graft forces, and dynamic joint kinematics are nearly equivalent 25, 29, 30 and because many randomized clinical trials have shown that the clinical, functional, patient-oriented, and imaging outcomes are also equal. 12, 15, 16 In our study, the patellar tendon autografts produced AP laxity values of -2.1 6 0.55 mm and 0.1 6 0.83 mm for the high-and low-tension groups, respectively, at the time of surgery. The 4-stranded hamstring tendon autograft AP laxity values were -2.2 6 0.71 mm and 0.1 6 0.87 mm, respectively.
In an effort to reduce variability, graft position, fixation, and the postoperative rehabilitation protocol were standardized across patients. All surgeons utilized the same drill guide system and anatomic landmarks to position the graft. Tibial aperture fixation was used to secure the patellar and hamstring tendon grafts. Finally, the rehabilitation program was standardized across patients. Deviations from the prescribed program were not of great concern because recent data have shown that rehabilitation with either an ''accelerated'' or ''nonaccelerated'' program would result in equivalent clinical, functional, and patient-oriented outcomes. 5 Eligible patients were stratified into the 2 initial graft tension groups to ensure balance in age, race, and sex. It was our intent to create a matched control group. However, the mean control group age was approximately 1.5 years older than the initial graft tension groups. This difference was a result of our recruitment criteria because we were unable to include controls under the age of 18 years because of Institutional Review Board concerns related to radiographic exposure of healthy children. We also intended to match the activity level of the control group to that of the initial graft tension group. Unfortunately, the mean Tegner score was 1.1 points lower than that of the treatment groups. This is another limitation.
The study design included a separate control group, whereas most studies of outcome after ACL reconstruction utilize the contralateral knee as the control. It is possible that the contralateral knee is also affected by changes in joint kinematics of the injured knee (eg, patients may protect their knee), which is an important consideration particularly for studies addressing cartilage damage. The control group enabled us to gauge how the treated patients fared relative to a matched uninjured population. From this study, we learned that many of the outcome measures do not return to normal. For example, all of the mean KOOS for the control participants were diminishing with time. These data suggest that other factors (eg, aging, weight) may affect these patient-oriented outcome scores in long-term studies. Also of note, 2 participants in the control group injured their knees and required surgery during the 36-month study period, another consideration when interpreting failure data (based on subsequent surgeries) in cohort studies of ACL reconstruction. A matched control group is therefore an important addition to any outcome study following the treatment of ACL injuries.
In conclusion, the results of this randomized controlled trial found that the 2 laxity-based initial graft tension protocols produce similar clinical, functional, patient-oriented, and OA imaging outcomes at 36 months after surgery. Even after 36 months of healing, many of the outcomes from the 2 initial graft tension cohorts were not completely restored.
